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Modeling the CF4 Laser
C. W. Patterson, R. S. McDowell, B. J. Krohn, and N. G. Nereson

University of California, Los Alamos National Laboratory
Los Alamos, New Mexico B7545

Abstract

The CO:-oumped CF. laser is a potent.ally useful source of line-tunable infrared radia-
tion in the rec sn 6€05-655 cm ', and the spectroscopv of CF. has been carried Lo the point
thut the laser frequencies that will r2sult from any gqiven pump line can be calculated to
better than 0.01 cm !. We now report quantitati—e intensity and line-broadening studics on
Cr. and thiir aprlication to modeling the laser gain. First, absorption measurements on
isolatel liaes in the ., + v, pumpr band at a serics of cressures yicld an cffective transi-
tion Jdivvle moment for this band € 0.010 Dcbye At the same time the transition moment fuor
the (.. + &) - .. laser band has becn calculated and agrees well with the results of lascr
self-absorvtion measurements. Finallp, linewidths determined as 2 iunction of pressure
yicld a pressurc-broaduening cocfficicent of ca. 10 MHz/torr, siqnif1can91y arcatoer thun that
cxvocted from a hard-sphere gas-kinctic model. From these data the aain of the CF, lascer
cait be calculated at various prersures and teomoeratures; the results are in ronnnngllu
aarcement with measured values,

Intreduction

When o, ¢ .. of CF. at 1066 cm™ ' is pumped by a 9.6 .m CO, laser, stimuloted cmission
recurs for the (. 4 ..) » o, transition and produces many discrete laser lines in the 606
to ¢%% em * revior A comprehencive proaram of Doppler-limited absorption spectroscons of
**¢r. has boeen carri~d out using tunable semiconductor diode lasers, and has led to a full
undoerst anding of the rovicrational eneray levels and selection rules involved in the larer
jrev-cons, From this spectroscopic analygis of the ., ¢ L absarption hard, the pumn and
laser transitions hove been identified; furthermore, the laser lines ruﬁulllnq from any
diven pumpe fregquency have been predicted with ¢0,003 em” ' accuracy.

However, in order to calculate cither pump absorption or laser aain, it is first neces-
Biry teo knes the dipole moments associated with the specitic rovibrational transitions for
both hsorption and erission,.  The purpose of this paper is to escimate the effective dipele

moments fop baed the oo ) and G 4 L) 2 0 transitions and to put the uneler-
standing of the CFy laser on o more quantitative tooting.  We begln by describing the ahe
sorvticon of radiation by transitions from the around satate to the ¢ o band,
Transition Moments for - 0 4
17 the | AF symmetry type) and the o (F, symmetry tyoe) component vibrotions are
stronaly anhartmonically mixed, the | ¢ ¢ com)ination hand will hBave twa vibrational sal-
bands with the mymmetry of the direct product ExF, - F; ana F) states,  oply the B osub-

Pan-l san have an electrones dipode moment (Fy transitions are symmetry forbidden) ancd
transitions to thie gubband are exactly like tranaitions to a ¥, fundamental, exhibitainas
the wame 1, o, and R strucsture,  Paithermore, the line atrenath top transitions te the v
subbard iz the same an that for a spherical tor infrared active fandamental, name 1y

L}
Y . "I b . B '
Yt  TCHEE B ) st e
- N . Ay TP e
. I'I“h' I”I V1) kl(]-(. h o v [
Here Noan the cumber of molecules per em', 3 2.0 in the produet of the vibrational anil
1otational et yon functions, and . fn the u\vhmmlm (em ") ot the trannition betweon

the imtaa!l and iinal 1ovihrational n“lvl. The unlts in thin equation are em -, fanee o
1o the auelear=apin statastical weight and Jy the ground ntate total anqular momentum, e
prroduet Y (.'J"l.\ in the lower level dedgenetacy,

The sopiare of the tranmtition dipole eyg o the above exprension an
'] a0
N o 2
, Y vy (I
1! “'I"|°” n,.d4
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where we have averaged over the initial states and summed over the final states with the
same external quantum numbers. The factor 1/3 arises since we are considering only one
directinn of polarization. Only transitions for which AJ = 0,:1 are allowed where we have
the following designations:

Jf = Ji -1 P branch
J. = J, Q branch
I 1

Jf = Ji + 1 R branch
i
Cir expressions for S;¢ and <uj¢> differ from those of Fox and Person,’ since they
erroneously delet> the denominator 3(2J;+1) in UiE>” and put it in their expression for
S;¢. The exact form of the dipole moment is not important when calculating small signal
agsorptions, but is critical when calculating Rabi frequencies, absorption near saturation,
or gains.

Unfortunately, thc \: + v, combination band does not exhibit a simple P, Q. R structure.
This is becausc the anharmonic interaction between the v: and .. vibrations is weak; hence,
the F{ and F; subbands are closec and mix strongly by means of the Coriolis interaction. if
we write the cigenstates of the Ilamiltonian as I(ExF;)JfRC". where R = J¢ + 1, J, J¢=' for
the three Coriolis sublevels of v, and C is a rovibrational symmetry species, then the new
body-fixed dipole monment becomes

'-‘ -2 — 1] '-2 2
"o,24° T "o, 24 fJf,RC (3
wheruo
2 - Cm1 gt (e 2
fafnc = - FZJrL I(Lxl)JfRC (1)

t

is just the sum of squares of expansion coefficients obtained by diagonalizing the
Hamiltonian in the F basis. For a aiven Jg., we have J; - Jg+l, Jg, Jg=1 for the P, Q, K
branches and R = Jgt+l, Jg, Jg-1 for the +,0,~ Coriolis sublevels, qiving rise to nine
possible subbranches as shown in Fiq. 1. FEach rovibrational state has a different dipoele
for cach subbranch according to Eqs. (3) and (4).

Substituting Eq. (3) into Eq. (2) gives the new

space=fixed dipole moment
ALLOWED CF, TRANSITIONS

P LT [ 2 2Igt] 2 o7 )
oy - Y 2 e [P B :
T b} | P if ITERIRTTR L
~ 4 k - ..
RAACLL AN s A |
‘|='.i'|; i | owaun e 1IN our analysis of the v; + v band of V'CF. the line
v :"':- I et strenath dependence on (2J,41)f° was confirmed,
'L
' i' : l '! wlly Continuing with our eovaluation of the line strenath
!5:!!'!,1 J,N" et In Lg. (1), the rotatioral partition function for an Xv.
RS »} < sphet ical=top melecule s’
" H I I - <
[oinle " 4 4 ‘-
!_'-Ii : " et fene) T e sane
[ “r 12 ' KT ' '
l | ! B 7t |‘n, .
Yoo bl where Iy is the nuclear spin of the ¥ atome (170 foy
b, W i i fluerine;, The number density per em” is 5 - N- (T o 1),

: wherr N in the Loschmidt constant (2,6R7n' P mal, "m'),
» L T. JIi. 15 K, and p. = 700 torr. With B - [ JUltHE an
deteamined in Ref, 1, we have from Eg, (1)

ol
w pPZd L, DL2THRGEL ALY T
- 2 4.009 } Avl' . . -{ o 50
Frame 1. ‘Mypreal enepay lovel 0,4 Ii e e r
thraaram for the CF. lamer with | ! ! (e
arrows dindieat png al lowedl tran-

nitonts,
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where vy¢ >~ kT/hc. Here S;¢/p is in em ?/torr and <up,24> i8S in Debye (1D : 10~ '! esu-cm).
The vibrational partition function 2,, is calculated using the following frequencies and
deyeneracies gor the fundamentals of '2CF.: vi = 909.1°1)", v, = 435.4(2)7, v, = 1283.2(3)",
ve = 631.2(2).

Vibratiocnal rransition noments were calculnted rrom Eq. (5) for two different lines:

3,.8,.32
4 LYE+F

These spectra wer=2 recorded for a series of pressuces at each ot two different temperaturecs.
We were forced to use a diode that had seriously degraded resolutic: (ca. 0.002 em !, or
well above the Doppler limit), and consequently the spectra could not be anzlyzed on the
basis of a Doppler-broadened contour. Instead, the line arcas weve estimated by taking the
product of the peak absorbance and the half-width (fwnm on an absorkance scalec). To account
for absorption in the wings of the lines that is not included in tnis "trizigular" approx-
imation, a correction factor of 1.065 was applied (this correction of 6.5% is strictly
applicable only to a Gaussian line, but it is rot scnsitive t» the exact line shape assumed
and will not significantly affect the results; in any case, the shape of a resolution-du-
graded line is not known with certainty).

1 2

1) IICF R'(25) A 1 (l..1 = 10), Vit = 1068.7 em ~, £f€ = 0.723 ,

A plot of the measurements of line area as a function of pressure for T = 297 K is shown
in Fig. 2. A least-squares fit to the obscrved points yields a slope of (2.76 * 0.09) x
107" em™! torr™!; dividinn by the path length of 120 cm qives S;¢/p = (2.32 * 0.08) x 107
cm™° torr”!, The transition moment obtaincd from this value ané from a similar measurcm>nt
at T = 163 K are sumnarized in Table I. 'the result at T = 297 is considered the morce
reliablc because of pronounced resolution difficulties in the lower~temperatur. runc,

12 5,03, a5

1+E +Fi
= 1263.6 em ), £2 = .£27,

2) cr,. 0'(20) F Gy 8, — T T T

N
¥

“if

These sjcctra were recorded at pressurces
from 10 to 20 torr. To account for absorp-
tion in the wings of this line o Veoight
lineshape was assumetd with a pressurc
broadening coefficient qiven below, re-
pulting in a corrcction factor <f about
1.5. Recause of the uncertainiy of this
factor, our c¢ntimated error is larqer

than above.

=]
T

[ ]
T

F )
1

UINE ARSA (em™ x10%)
(-]
-\

» Mer,, vY@o ale?-rld 0 - a0, od
3
cip T 10738 em™!, £2 = 0.718, p (torr)

These data werr taken by Radziemsk) ot al.’ Fiqure 2. Line areca of a R'(zﬁ) pump
with a tunable CO; lascr. From their tranaition of '“CF. .t 297 K vR prossure,
oriqinal spectra at three different pros-
sures (2.9 to 11.4 torr) and T = 296 K, the
peak absorbances and half-widths were determined, and a Locentzlan (nressurc=broadens:!)
linoe shape was assumea, to yicld a value for S8;¢/p. The resulting value of -, 0 U85

qivon in Table I,

4) There has also been a recent determination of the integrated band strenath of
+ v, of '"CF. Dby Golden, Marcott, and Overond, !/ whe used a low-resolution qratina
gpectrometer and pressare-broadened the CF,.  They obtalned a trength of 0.80 ¢ 0,049
km/mole,. Since

T‘ f:)" Re*
o !

we may use Eqe. (10) and (11) of Fox and Person’ which relate the band strength 8

By ter {he
transition moment of a apherlieal top fundamental:
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= 0.3647 (S,/v 172

“Vo,247 0,24’

where vo,»s is the bard origin of v; + v, at 1066.4 cm '. From this equation we find
<pp,24> = (0.0100 * 0.0003)D.

Table I. Vibrational Traansition Moment of CF4, vz + ud.
e T(K) Z S../ (::m'2 torr-l) v U - D)
: v if/P 0,24
(1 Mer, ,R*(25) 297 1.53 2.32(m) x 1078 0.0099(2)
163 1.06 2.8(3) x 10 0.0091(2)
() 2cr,.0*(20) 294 1.50 1.36(13) = 1078 0.0102(5)
(3) lch4 rR* (29) 296 1.5% 2.9(3) x 107° 0.0113(6)
(4) Band intcnsity 300 -- -- 0.0100(3)

(Gonlden et 31.11)

The results in Table 1 are satisfying consistent, despite the very different nnurnaﬂth
used in the three studies. We corclude that for .- + ., + ., transitions in CP. ', -, . :
(0.0100 * 0.0002)D irrespective of the carbon isotove.

Pressurc-Broadening Coefficient

Tunabl!c-diode laser measurements ov the self-broadening cooff1c10nt ¢, were carricd catr
for sclected assianed and well-resolved lines in the D7, o*, and ®* brnnches of the '‘Cr.
pump band at tempecratures of approximately 110, 157, and ’94 K and over a pressure rande
of 0.1 to 4] torr (10 Pa to 5.5 kPa). Therec was no siqnificant difference in the coeffi-
cients for the various lines, and accordinaly the data were combined to give the results in
Tuble I1. Thesc are consistont with the more precise result of Eckhardt ot al.,: who
measured the linewidth of an RY(29) transition with a tunable CO. laser at prossurus of 0.5
to 50 torr, and obtained ¢, = 11.1 ™Mhz/torr at 150 K.

P
Table 11. Pressure-broadening cocfficients and The nlqulnflTnhlq 1T yield
derived optical collision diameters for CF, c,, . 169 /m{ " " 1Y) Mn,'5n|1,
.2+.4 lines, wliich shows the expected T B < R
B . pendenc? to within experimental
" . c ersor. Table II alro aives the o~
T (K) (‘P (MHz/Torr, fwhm) - (%) tical collision diameter, ', cal-
— - - - culatoed from -7 Cr =y, /0 where
v g4 . , 1, (fwhm) - 1/-:, lere @ is the
294 ln ¢ ! 7.0 0.6 mban 1iCotime botween collinlons:
157 *+ 1° g 1 6.9 ' 0.4 t - 172 where the collirion froe-
110 - 0P 111 7.4+ 0.4 quercy s
———— et m—— - ——— F AT 1_2 - '"\', e}
a . 12
Mcan of measurements on four lines of cr .
. - ] 4 the mean molecular velocity for o
2:50:?131 t:)t2$ Tnnlr?]ds PT(28), 0" (200, Maxwellian distribution is
(] '-2 \4.
- 172
- tu u)
hMunHUrod for a line in R‘l?S) nf l‘CFJ. v (RKT *=m) ' (=
“Weidhted mean 7.3 ¢ 0.3 X and the molecular density in
n - L{273n/760) tn

(p In Torr, I = Loschmldt constant). The n|-|lr'.1k collision dlancter of 7.1 + 0,y N i 1o
be comparcd with a qas=kinetic diameter of 4,70 nl!nlnvd from the aecond virial coef -
ficient, assuming a Lennard<Jones =17 300010l The laraer optical cross section can
be attributed to the many ponsible relarat o0 watbways an CFy which Tnerease the proh-
ability for relaxatjon by intermediate - ratee jeovent ale,
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Transition Moments for v: + VvV, = V;

By measuring the laser self-absorption, one can determine the vibrational dipole moment
for the v » v2 + v. transition. Since the v, and v, vibrations are only weakly coupled
for Jg > 5, we expect the dipole moment <u.,:+> for the v * v; + V. transition to be
approximately the dipole momgnt <ug,s> for the vg *- v, transition. The later has been
caleula&ed by Fox and Person® lFased on averaged band strength measurements of Saeki
et al.’¢ and Levin and Lewis!”:

" 'U°'47’ = ,052 D . (10)

“M2,24

We assume that for v; - v; + \. transitions the rovibrational dipole moment ia

2Jf+1_

‘u, —_— “h K . (11)

We can now calculate line strengths in v; * v: 5 v.. First we must modify Eq. (1) so that
it applies to a hot-band transition. We recall that the basic equatioa for the strenaih
of a transition from state | to state f is

S =

njx

= [BggNy - BgyNel

where By and B¢, arc the Einstcin cocfficients of absorption and induced emission, re-
rpectively, and N; and N¢ are the numbers of molecules in the two states. Now N; =
Ngjexp(-E; /kT) /2, and similarly for Ng, where g; and ag arc the degeneracies of the two
states. Since Be; = (qj/qf) Big and Ep - l-:j + v, we have

h.N ,~E,/kT . __-hc. /kT
<z T Bif e i (1-c )

If statc i is the vibrational gqround state, then a; it the rotational deaencracy «(2.7;41)
and E; 1s just the rotational energy; substituting B;p = (B="/u 1y e” wvields Hq. (1),
For a rovibrational transition from ., q; = v (23413 and E; = {(heol) + rotational ener:v,
so0 the factor exp(-hc.:/kT) must be added to the right hand side of Eq. (1). Making this
change, we calculate the following line stronaths for the v ¢ oo b B A" 4 BT
Fi'* transition of '*CF. (see Fia, 1) [. = 61% cm™', 1y = 10]:

‘1.27 x 107" em™2/torr at 170 K
6

& (1

b a.88 x 107 cm™%/torr at 300 K

From Eqs. (7)=(9) we find the peak absorption of R‘(Zﬂ) lascer radiation for hiah
pressures and a 200 om path lenath s
‘o ] at 130 K
1In T BT (200) ™ ()
1.9 at 300 K

At {intermediate pressures the peak height fg determined hy a Vajght profile when the
pressure width in convoluted with the Doppier width,  In Fiy, 3 we compare the measured
lamer self-gberorption of Eckhart, Hinuley, Pllich, and Rockwood'" with our calculated
Voight peak hefagbta at J3J0 K and 300 K. Note that the calculated absorptions asympto!i-
cally approach the values given in Fe. (13) at high pressuros.

There are a number of reasons for the discrepancicy belween the measurca and caleulated
values, At low preagures the mode hopping of the CO, regults in an oacillator gain oft
line center with a reduction in absorption. At hiqher pressures this of fect is not o an
important since the line in broadened, and there will aluo be abnorption from the tails
of nearby lines.  As a result, for high pressure the absorption {a ant conatant lat
Inereages linecarly with pressure,
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Figure 3. Peak absorvtion of the ' CF. lafor line at 615 cm ' vs oressure for a 200

cm path at a) 130 K and b) 300 K.

In Fig. 4 we show the spectrum of '‘CI's ncar the 615 cm” :
hot band transitions identified.”

ve* v gqround state and o, ¢ ..

' laser line with the P(31)

The lascr emissinn

line P({31) F1'* + E" + A" at 615.030 has an unidentified shoulder which contributes

substantially to the absorption of lascr radiation seen in Figs. J.
faor the discrepancy between the calculated and obscorved

effects of the ncarby tails account
lager absorption in Figs. 3.

T —T ~ -7 ~T—
v
., . | ) W P30 . . 18 .
LN " T ) i
PR AR T
| L | N a
!
e e AT
ratn i, J '
1073 19 am’! |
sH, | v
“Lasre Lme v | "'
(gt ) wmy PIdI, 1 . -
618 030w’ Hw dn "
ﬁpsl“isli".,_ _—
W o— i, ! | !'& ‘ ja0n.
———— et b e - . [ P —l o d
[T 81%.0 [ ILR] .2 [ LR ]
piom™

Fiqure A, The upper "comb® indicates the sfrondg
ve P(31) lineny the lower comb desianaten the
trannitionn of (. + ) « v P{I1} with tnose
components accesniblo by pumping RV (20) of - ¢ .
explicitly ddentified, The pehematic to the letd
ahows the oridin of the 6ols em™' laser line,
tndicated by a atar,

-— ABSC PTION

This shoulder and the

The spectrum in Fja. 4 was
recorded at pressures of 1 to
10 torr. Since the P(31)

Fi'' 4+ F.'" line at 615,059 is
relatively isolated, it was
nsed to determine the ., 4

« ., divole moment. From the
line ared and pressure we
determined the dipole moment
to be ric,, . = 0,055 * 0,00
D. Becausar of tae larde orror
in this measured dinale

moment  we shall continue to
ABRUMC "ipie " T ity
0.52 D,

Sincee the dipole mement s
for all laser transitions are
known, we are now in a position
to eAtimate aain.

CFy Laser_datn

Lt ay, be the abaarption
coofficiant fur_lhv o, 9RILY
linee at 1073 em ' and o he the
qain Jat 61% em’ ! It wo ansume
the pump pulse varien little
in the collislonal period (4
n oat o terr) and the prorpure
wirith is qreater than the
inhomodgencous boppler width, we
may use the formula for dgaain at
line conter aitcen by Panock anl
Tomkin
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la_| :12.24‘2 615 392/‘;, (14)
a = a ” 1—7‘
s f2<u0 24>2 073 (1+492}Y;)(1+32/1;)

1

where ! is the Rabi frequency of the pump given by

2(em }) = 4.6 x 1014«uif= /i

Here I is the pump intensity in W/cm* and
2Jf+1

s v = “h ~f
if 3(23,+1) 0,24

21 14, .9 4

+E°+A

esu-cm for R+(29) F1 1

= 4,9 x 10

Using the CC, power given by Eckhardt, et gl.:= of 1.3 MW/cm' we find

i= 2.6 x 1072 em”!

Substituting this into Eq. (14), we find_that at 5 torr and 130 K g = .082 cm ' in con-
trast to thcir mecasured value of .035 cm !'. Actually the maximum gain occurs at lower

power when the v + v level is not Stark-snlit. The maximum possiblc gqain occurs when
u'/w§ = 1/2 in which case ug = .11 cn

The discrepancy between the calculated gain and the measured gain could be explained by
the fact that the CO. lascr is not stable 2and is not always on line center of the ., 4
absorption featurce. From Fiu. 4 we sec that the shoulder near the P(31) F'“+E'+A,"
tranaitlon could account for an absorption of « = .,5/200 em = .09025 cm™' at 5 torr and
130 K which should be insignificant compared to the laser qain.
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